Flavio Donato,* R. Irene Jacobsen, May-Britt Moser, Edvard I. Moser* INTRODUCTION: Maturation of cortical circuits depends on postnatal excitatory activity that spreads in a bottom-up manner from the sensory organs. Such activity is necessary for the formation and stabilization of computationally efficient synaptic networks. Whether similar activity is required to set up connectivity across the entire cortex, beyond the sensory regions, remains to be determined. In one high-end associative network involving the entorhinal cortex and hippocampus, the spatially tuned firing of place, grid, border, and head direction cells emerges during a protracted period of postnatal life. The appearance of a functional map of self-location in this system may reflect local computations enabled by the gradual maturation of local network topology.
RATIONALE:
If spatial tuning arises as a consequence of specific network topology, then the emergence of functionally specific cell types during development should coincide with network maturation. We investigated microcircuit development during the second to fourth postnatal week in mice when the network of functionally specific cells in the medial entorhinal cortex takes on adultlike firing properties. Network-wide changes in the expression of maturationrelated molecular markers (doublecortin, parvalbumin, and bassoon-positive synaptic puncta) were measured across multiple areas to reveal the temporal profile of maturation across subfields of the entorhinal-hippocampal circuit. To determine how circuit development is influenced by excitatory activity across subfields of the network, we used a targeted pharmacogenetic approach by which cells in different regions, with different projection patterns or different birth dates, could be silenced selectively during defined time windows.
RESULTS: Maturation of the hippocampalentorhinal network followed a stereotyped sequence, where layer 2 of the medial entorhinal cortex (MEC-L2) was the first area to mature, followed by (in chronological order) CA3, CA1, dentate gyrus (DG), subiculum (SUB), layer 5 of the medial and lateral entorhinal cortex (MEC-L5 and LEC-L5, respectively), and, finally, layer 2 of the lateral entorhinal cortex (LEC-L2). At each stage of the circuit, excitatory activity was necessary for the maturation of downstream areas of the network, pointing to a linear and directional developmental sequence.
This sequence originated in MEC-L2, where maturation of stellate cells preceded that of any other excitatory cell type in the circuit. Cell typespecific pharmacogenetic silencing revealed that activity in MEC-L2 stellate cells was necessary for maturation of the rest of the entorhinal-hippocampal network. Maturation of stellate cells themselves was independent of local excitatory activity but depended instead on when the stellate cells were born. Silencing layer 2 pyramidal cells had no effect on circuit maturation. The stellate celldependent arrest of maturation was more efficient if the silenced cells were born on the same day, suggesting that isochronic cohorts of stellate cells act synergistically to drive network maturation.
CONCLUSION: Our data show that the entorhinal-hippocampal circuit matures in a linear sequence that begins with stellate cells in MEC-L2 and propagates sequentially through the subfields of the transverse entorhinal-hippocampal circuit, recapitulating the flow of excitation through the circuit in adult animals.
Maturation of stellate cells themselves may be determined intrinsically in a neurogenesis-dependent manner. The dependence on neurogenesis may parcel the stellate network into cohorts of isochronic neurons that act synergistically during development and give rise to independent subnetworks in the circuit. We propose that, during development, stellate cells are the source of an activity-dependent instructive signal that drives maturation of the entorhinalhippocampal network underlying spatial representation in the brain. A small number of autonomously developing neuronal populations, similar to entorhinal stellate cells, may function as intrinsic drivers of maturation in different regions of the cortex. 
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Superficial layers of the entorhinal cortex have both direct and indirect projections to hippocampal subfields. Indirect projections form a unidirectional loop-the trisynaptic pathway-through the hippocampus. Direct projections reach each subfield. CA1 pyramidal cells in the hippocampus establish connections back to the deep layers of the entorhinal cortex, from where information is relayed up to layer 2 (gray lines). During development, excitatory activity originating from MEC-L2 instructs maturation of the entorhinal-hippocampal circuit in a linear sequence recapitulating excitatory information flow through the adult network (black arrows). Stellate cells are at the top of the developmental hierarchy: Silencing stellate cells, but not pyramidal neurons, is sufficient to arrest the progression of maturation across the remaining entorhinal-hippocampal circuit.
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Stellate cells drive maturation of the entorhinal-hippocampal circuit
Flavio Donato,* R. Irene Jacobsen, May-Britt Moser, Edvard I. Moser*
The neural representation of space relies on a network of entorhinal-hippocampal cell types with firing patterns tuned to different abstract features of the environment. To determine how this network is set up during early postnatal development, we monitored markers of structural maturation in developing mice, both in naïve animals and after temporally restricted pharmacogenetic silencing of specific cell populations. We found that entorhinal stellate cells provide an activity-dependent instructive signal that drives maturation sequentially and unidirectionally through the intrinsic circuits of the entorhinalhippocampal network. The findings raise the possibility that a small number of autonomously developing neuronal populations operate as intrinsic drivers of maturation across widespread regions of the cortex.
T o create a neural representation of the external world, sensory stimuli are topographically mapped onto highly organized neural networks spanning multiple sensory areas in the neocortex (1-4). The early development of such topographical sensory representations depends strongly on spontaneous and sensory-driven neural activity spreading bottomup from sensory receptors to sensory cortices (5) (6) (7) (8) .
Like in the sensory systems, the brain's representation of space relies on an extended network of specialized cell types spanning multiple interconnected brain regions. Cell types involved in the representation of space include place cells in the hippocampus and grid, border, head direction, and speed cells in the medial entorhinal cortex (MEC) (9) . Properties of these cells are thought to reflect the intrinsic connectivity of the MEC (10) as well as the unique unidirectional organization of entorhinal projections through the hippocampus (fig. S1A) (11) (12) (13) (14) . However, in contrast to the primary sensory cortices, little is known about how the entorhinal-hippocampal microcircuit is assembled during development, or what role neural activity has in refining the connectivity and maturation of the circuit. Place, border, and head direction cells exhibit adult-like features from the onset of spatial navigation at 2 to 3 weeks of age (15) (16) (17) (18) , whereas the periodic firing pattern of grid cells emerges later at about 4 weeks of age (15, 16) . The spatial accuracy of place cells evolves with a similarly protracted time course (15, 16, 19) , suggesting that early interactions between subregions of the network might be crucial for the eventual emergence of spatially specific firing.
With these parallels in mind, we sought to determine how structural elements of the entorhinalhippocampal circuit are wired together during development. We monitored network-wide developmental changes in the expression of maturationrelated anatomical markers, taking advantage of targeted pharmacogenetic silencing methods to determine whether activity in any elements of the circuit had particular functions in organizing maturation across the network as a whole. Our data show that the entorhinal-hippocampal circuit matures in a linear sequence that recapitulates excitatory information flow through the adult hippocampal network. Excitatory activity at each stage of the circuit was necessary for the development of the following stages. Stellate cells in MEC-L2 were at the top of this developmental hierarchy, providing an instructive signal that drove maturation across the entire entorhinalhippocampal network.
Stagewise maturation of the transverse hippocampal circuit
To determine the temporal profile of maturation among identified populations of neurons in the entorhinal-hippocampal network, we first monitored the expression of doublecortin (DCX) in each area of the network during the first postnatal month. DCX is a microtubule-associated protein that is present in neuronal precursors and immature neurons, where it promotes dendritic growth and is down-regulated during the stabilization of synaptic connectivity at late developmental stages (20, 21) . In adults, the protein is expressed only in immature neurons in areas with ongoing neurogenesis (21) . Because of this unique association with immature neurons, we used DCX as a marker of the maturational state of different classes of entorhinal and hippocampal neurons. For each region or cell class, we quantified for every third day the fraction of neurons in which DCX expression had declined to undetectable levels ( Fig. 1A and fig. S1 ). We subsequently identified for each region or cell type the first day on which this fraction constituted 80% or more of the NeuN + cells (Fig. 1C) . The quantification was validated by testing it on entorhinal-hippocampal sections from adult mice (P90 to P120 (22)] (Fig. 1B) .
DCX was expressed extensively in all entorhinalhippocampal areas at P5 but subsequently declined ( fig. S1 ). Analysis of DCX levels revealed that the maturation was staggered between subregions of the circuit (Fig. 1C) . Stellate cells in layer 2 of the medial entorhinal cortex (MEC-L2 St) were the first to mature (80% threshold crossed at P14), followed (in chronological order) by pyramidal cells in MEC layer 2 (MEC-L2 Pyr) and CA3 (P20), CA1 (P23), dentate gyrus (DG), subiculum (SUB), layer 5 of the medial (MEC-L5) and lateral (LEC-L5) entorhinal cortices (all P26), and, finally, layer 2 of the lateral entorhinal cortex (LEC-L2; >P30). Hierarchical clustering of the maturation curves for these areas identified synchronous maturation profiles for cell populations with similar synaptic distances from the stellate cells (Fig. 1D) , suggesting that maturation occurred in successive waves through the intrinsic hippocampal circuit, with MEC-to-hippocampal directionality.
To support the DCX-based observations with an independent measure, we analyzed the time course of maturation in an inhibitory cell type. In fast-spiking interneurons, cytosolic expression of the protein parvalbumin (PV) has been correlated with their structural and functional maturation, as well as synaptic integration in the circuit (23) . Thus, we conducted a confocalbased analysis of PV expression in single neurons in each area of the entorhinal-hippocampal network (see fig. S1D and Supplementary Materials and Methods). PV expression was staggered between regions in a sequence that mirrored the stepwise down-regulation of DCX. MEC-L2 was the first area to up-regulate PV expression (threshold set as in Fig. 1C and crossed by P17), followed by CA3 (P20), CA1, MEC-L5, SUB, and DG (all P26), LEC-L5 (P30), and LEC-L2 (>P30) (Fig. 1E and fig. S1D ).
Finally, as a third independent marker of maturation in the entorhinal-hippocampal neural circuit, we investigated synaptogenesis by assessing the increase in density of synaptic puncta in the developing cortex. To estimate synaptic density, we performed immunological staining for the protein Bassoon (Bs), which localizes at the active zone of presynaptic nerve terminals (24) . The local density of Bs puncta was normalized to the local density of puncta in the corresponding adult network (P90 to P120). Again, time courses were staggered between subregions and subpopulations in a sequence that matched the flow of information through the adult circuit. MEC-L2 was the first to demonstrate increased density of Bs puncta (threshold set as in Fig. 1C and crossed at P17), followed by CA3 (P20), CA1 (P23), DG, SUB, MEC-L5, and LEC-L5 (all P26), and finally LEC-L2 (>P30) (Fig. 1F) .
Together, the data suggest that maturation of the hippocampal-entorhinal network follows a stereotyped sequence that recapitulates the stagewise unidirectional flow of information through the intrinsic hippocampal microcircuit. DG provided the only exception to this scheme. The temporal profile of maturation in dentate granule cells was closer to that of cells in the deep layers of the entorhinal cortex than to downstream CA3 (Fig. 1D ). This exceptional time profile is in line with the late peak of neurogenesis in DG, which extends through the first postnatal week (25, 26) .
Excitatory activity instructs stagewise circuit maturation
The sequential maturation of the entorhinalhippocampal circuit raises the possibility that maturation is caused by an instructive signal that originates at the first step in the sequence, in 
MEC-L2
, and then propagates synaptically through the network over the course of many days. Such a signal could take the form of excitatory neural activity, which is known to shape the maturation of cortical columns in the sensory cortices (4). To determine whether activity is necessary for maturation also in the entorhinal-hippocampal network, we used inhibitory Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) and silenced cell populations at different stages of the circuit for up to 6 days during early postnatal development [fig. S2A (27) ]. A viral mix targeting hM4D(Gi) to excitatory neurons was injected in entorhinal or hippocampal subregions in newborn pups (P1). Infected neurons were silenced 2 weeks after injection, from P14 to P20, when hM4D expression was extensive ( fig. S3 , A to C). hM4D receptors were activated by continuous delivery of the ligand clozapine-N-oxide (CNO) (1 mg/kg) through an osmotic minipump implanted subcutaneously on the pups' backs. On the basis of the anatomical spread and specificity of the infection (>80% neurons infected in the target area and <20% cells infected in off-target areas; fig. S2 , B and C), we focused on three groups of animals, with either MEC-L2-, hippocampus-, or LEC-specific DREADD expression. As expected, if activity were silenced, then CNO produced a decrease in the fraction of c-FOS + cells in all areas expressing the viral construct. In the silenced groups, c-FOS was also reduced in downstream regions of the circuit ( fig. S3D ).
The effect of silencing on circuit maturation was estimated at the end of the silencing window, on P20, by quantitative analysis of local DCX and PV expression as well as synaptic density. Silencing MEC-L2 prevented maturation across the whole entorhinal-hippocampal network. With the exception of the stellate cells of MEC-L2 itself, every cell population in the network exhibited significantly reduced levels of DCX − neurons at the end of the silencing window, when compared to nonsilenced control animals (means ± SD; Student's t test, t = 4.7 to 70.0 and P < 0.0033, except for stellate cells, t = 0.11 and P = 0.91; Fig. 2A and fig. S4A ). In all areas, MEC-L2-specific silencing also prevented the maturationrelated increase in PV expression (t > 10.5 and P < 0.0001; fig. S4B ), as well as the increase in the density of synaptic puncta (t > 8.5 and P < 0.0001; fig. S4C ). Together, these three lines of data suggest that excitatory activity from MEC-L2 is necessary for maturation of cell populations across the entire entorhinal-hippocampal network.
In contrast, maturation in MEC-L2 was not affected when activity was inhibited during the same interval in the hippocampus (t = 0.049 and P = 0.96 for stellate cells and t = 1.3 and P = 0.22 for pyramidal cells; Fig. 2B ). However, after hippocampal inactivation, maturation was blocked in all areas within or downstream of the hippocampus (t = 7.4 to 68.5 and P < 0.0003; Fig. 2B ). The retarded maturation of these areas was also expressed by the blocked increase of PV + neurons (t > 10.1 and P < 0.0001; fig. S4D ) and densities of synaptic puncta (t > 8.515 and P < 0.0001; fig.  S4E ). PV + neurons and synaptic puncta were not altered in MEC-L2 (t = 0.18 and P = 0.10 and t = 0.20 and P = 0.80, respectively). These data suggest that excitatory activity from the hippocampus is necessary for the maturation of subfields within the hippocampus, as well as MEC-L5 and LEC, but dispensable for the maturation of the MEC-L2 circuit.
Finally, when inhibitory DREADDs were activated during the same time window in LEC, maturation was arrested only in LEC-L5 and LEC-L2, whereas no change in DCX could be observed in MEC or hippocampus (t > 9.8 and P < 0.0001 in LEC, but t < 1.01 and P > 0.4 elsewhere; Fig. 2C ). The selective effect on maturation in LEC was confirmed by the failed increase of PV + neurons in LEC-L5 and LEC-L2 (t > 5.1 and P < 0.0001 in LEC, but t < 0.95 and P > 0.2 elsewhere; fig. S4F ), as well as the absence of an increase in synaptic puncta in these two structures (t > 8.1 and P < 0.0001 in LEC, but t < 1.5 and P > 0.52 elsewhere; fig. S4G ). These data imply that excitatory activity in LEC is necessary for maturation in LEC itself, but not for the rest of the entorhinalhippocampal network.
Topography of MEC maturation
We next focused on the local circuit of the MEC. Quantification of DCX expression in deep and superficial MEC layers showed that maturation proceeds from dorsal to ventral in all layers. This developmental gradient confirms a previous observation (28) but extends it in the sense that DCX could here be monitored at single-cell resolution, with clear differentiation between stellate and pyramidal cells. Our analysis showed that, at every dorsoventral position, maturation of MEC-L2 stellate cells precedes that of pyramidal cells in layers 2 and 5 (Fig. 3, A and B, and fig. S5 ). The lag between stellate and layer 2 pyramidal cells was 3 to 6 days, whereas layer 5 neurons were delayed increase in DCX − pyramidal cells was prevented along the entire dorsoventral MEC axis (MEC-L2 silencing in green, controls in black; two-way ANOVA, F 7,32 = 15.9, P < 0.0001; Fig. 3C, middle) . Silencing excitatory activity in MEC-L2 also affected PV expression in interneurons (Group × Segment: F 7,32 = 21.6, P < 0.0001; Fig. 3C, right) . The effect of inactivating MEC-L2 cells was dependent on the fraction of local excitatory cells infected ( fig. S6A ), regardless of their dorsoventral location. In all animals, the proportion of infected stellate and pyramidal cells was comparable to the overall proportion of these cell types in the network ( fig. S2D) .
In contrast to the rest of the MEC network, the maturation of stellate cells was not affected by silencing excitatory activity in any of the multiple regions they receive input from. We tested whether the maturation of stellate cells was affected when excitatory activity was silenced widely across areas of the ipsilateral retrohippocampal cortex that have projections to MEC-L2, such as postrhinal cortex and parasubiculum. Despite a significant disruption of maturation in pyramidal and PV neurons after silencing in these animals (Group: F 1,32 < 2.78, P > 0.082; Group × Segment: F 7,32 > 7.42, P < 0.001; Fig. 3C and fig. S6C , middle and right), there was still no effect on the fraction of DCX − stellate cells (Group: F 1,32 = 0.98, P = 0.93; Group × Segment: F 7,32 = 2.30, P = 0.07; Fig. 3C and fig. S6C , left), suggesting that stellate cells mature independently of activity in major afferent cell populations to MEC-L2. Further support for this conclusion comes from the observation that down-regulation of DCX expression in either stellate or pyramidal cells or up-regulation of PV expression in the interneuron population was unaffected when MEC was selectively deprived of homotopic contralateral inputs ( fig. S6B ). We next asked whether the blockade of stellate cell maturation was ineffective because these cells or their inputs were silenced too late, given that the dorsal tip of MEC is already mature by P14. Silencing dorsal MEC-L2 or a larger portion of the ipsilateral retrohippocampal cortex between P11 and P14 before the network is mature (Fig. 1 , C and E) did not produce any effect on the fraction of stellate cells expressing DCX at P14 (Fig.  3D, left) . This result is corroborated by data from the ventral MEC. Although the ventral MEC network is still largely immature at P14 to P20, the maturation of stellate cells was not affected by silencing the MEC or upstream areas between P14 and P20 ( Fig. 3C and fig. S6C ). Together, these experiments rule out activity in MEC-L2 or afferent cell populations as an origin of the maturation signal for MEC-L2 stellate cells.
Finally, it is possible that the stagnation in DCX and PV levels after MEC-L2 silencing reflected not a delayed maturation but a functional impairment of pyramidal cells and interneurons.
To address this possibility, we investigated whether the network was still able to progress through maturation if the brake induced by silencing was relieved. Specifically, we allowed a set of animals to recover from MEC inactivation by removing the osmotic minipump and thereby ending CNO delivery at P20 (fig. S7A ). In these animals, after 6 days of recovery, the maturation of pyramidal cells and fast-spiking interneurons was indistinguishable from controls, that is, hM4D-expressing, saline-injected animals (DCX expression in fig fig. S7C) . Surprisingly, in the recovering cohort of animals at P23, there was no dorsoventral topography in the maturation of pyramidal cells or PV + interneurons (flat curves in fig. S7D ; slope of the linear regression along MEC is near 0; Student's t test, t > 6.12, and P < 0.001 when compared to age-matched controls; fig. S7E ), suggesting that the activity signal that is necessary for driving maturation sequentially through the transverse entorhinal-hippocampal circuit may also participate in setting up the dorsoventral topography of pyramidal cells and PV + interneurons in MEC-L2. As expected, stellate cells pyramidal cells) and analyzed the proportions of these that stained for BrdU in the nucleus (means ± SD; >450,000 neurons from at least three mice per time point). (C) Cumulative probability distributions showing the same data as in (B). Injection of BrdU at E10 and E17 did not produce any detectable staining in the adult, thereby marking the beginning and the end, respectively, of the MEC neurogenesis window. (D) DCX expression in stellate and pyramidal neurons born on the same day at different dorsoventral positions along the MEC (>20,000 neurons from at least three mice per time point). BrdU was injected at E13, and only stellate and pyramidal cells labeled by BrdU were considered for the analysis. The fraction of DCX − BrdU-labeled cells was determined at three time points during network maturation (P11, P14, and P17; color-coded).
were not affected by the recovery from MEC silencing (F 7,32 < 0.82, P > 0.81; fig. S7 , B and C).
Maturation of stellate cells correlates with birth date
The silencing experiments suggest that maturation of stellate cells occurs independently of local excitatory activity and that it might instead rely on a signal intrinsic to these cells. A strong predictor of maturation may be the cells' birth date. Neurogenesis initiates a cascade of cell-autonomous transcriptional events that direct the differentiation of neurons in a stereotyped manner (29) . If the timing of maturation in stellate cells was determined by neurogenesis, then we would expect cells to be topographically arranged according to birth date along the dorsoventral MEC axis, with the oldest neurons at the dorsal end and the youngest ventrally. To test this prediction, we injected 5-bromo-2′-deoxyuridine (BrdU) during gestation to quantify the proportion of local cells that underwent cell division at the time of injection and then mapped their distribution in the adult ( Fig. 4A and fig. S8A ). Our analysis revealed that, although entorhinal pyramidal cells and PV interneurons were distributed randomly with respect to birth date (twoway ANOVA, Segment × Injection Day: F 7,36 = 0.23, P = 0.98 for pyramidal cells and F 7,36 = 0.15, P = 0.87 for PV + interneurons; Fig. 4 , B and C, and fig. S8B, respectively) , stellate cells exhibited an orderly birth date-dependent distribution along the dorsoventral MEC axis. Early-born stellate cells were prevailingly (but not exclusively) located at the dorsal MEC pole, whereas later-born cells were found at progressively more ventral positions (two-way ANOVA with Segment and Injection Day as factors: F 7,36 = 105.32, P < 0.0001; for each segment: F 5,24 > 4.301, P < 0.006; Fig. 4, B and C, and fig. S8C ).
To verify the association between the topographies of neurogenesis and maturation, we further analyzed DCX expression in "isochronic cells"-cells that were born on the same day (29) . If maturation is entirely dependent on neurogenesis, then the fraction of DCX − cells should be at comparable levels among isochronic neurons, independent of their dorsoventral location. We found that, among embryonic day 13 (E13)-born stellate cells, there was no effect of dorsoventral location on the fraction of DCX − cells (two-way ANOVA with Segment for each of the three time points: F < 0.837 and P > 0.3; Fig. 4D , left). In contrast, among E13-born pyramidal cells, the fraction of DCX − cells remained correlated with anatomical position (two-way ANOVA, only Segment considered: F > 29.8 and P > 0.0001; Fig.  4D , right). This experiment confirms that maturation of stellate cells, but not pyramidal cells, is intrinsically correlated with birth date.
Stellate cells drive stagewise network maturation
Because the silencing experiments point to local excitatory activity in MEC-L2 as the main drive for pyramidal cell maturation, we next asked whether stellate cells might be the source. To achieve cell type-specific silencing, we exploited the staggered neurogenesis of stellate and pyramidal cells ( fig.  S8D ). Because nearly all dorsal MEC cells from early isochronic cohorts are stellate cells, whereas those from late cohorts are predominantly pyramidal cells, it should be possible to distinguish between them by labeling cells either at the beginning or at the end of the neurogenesis window for dorsal MEC.
To gain genetic access to cells born within specific time windows during neurogenesis, we developed a method based on in utero injection of an insertion-deficient, recombinant adenoassociated virus (AAV) into the lateral ventricle S9E) (30, 31) . In MEC, the topographical distribution and dorsoventral progression of neurogenesis were identical in BrdU and virally identified cohorts ( fig. S9F ).
Using the viral approach, we were able to test the hypothesis that activity in stellate but not pyramidal cells is necessary for driving maturation throughout the entorhinal-hippocampal circuit. We first injected a Cre virus (AAV1-CaMKIICre) into the lateral ventricle at either E12 or E16 to prime isochronic cohorts of cells to express the recombinase Cre. Then, at P1, we targeted the inhibitory DREADD hM4D(Gi) to primed cells by injecting the Cre-dependent virus in MEC-L2. Finally, during multiple time windows of postnatal maturation, we delivered CNO through osmotic minipumps, as in the previous experiments (Fig. 5A ). Both cohorts of animals received CNO during a time window of 3 days (w1, P14 to P17; w2, P17 to P20; w3, P20 to P23; w4, P23 to P26). We silenced early-born neurons (E12-labeled) during early (w1 and w2) and late (w3) windows of maturation ( fig. S11 ) and late-born neurons during early (w2) and late (w3 and w4) windows ( fig. S12 ). As expected, in the most dorsal part of the MEC, the composition of the labeled cohort was dominated by stellate cells when the injection was performed at E12 (96% of infected cells colocalized with reelin; Fig. 5B and fig. S10A ). In contrast, pyramidal cells predominated when the viral mix was injected at E16 (92% of infected cells colocalized with calbindin; Fig. 5B and fig.  S10A ). Thus, at the dorsal pole of the MEC, silencing of E12-born cells inactivated almost exclusively stellate cells, whereas silencing of E16-born cells inactivated almost only pyramidal cells. The two approaches labeled comparable fractions of neurons in the overall layer 2 network (Student's t test, t = 0.72 and P = 0.98; fig. S10B ).
Inactivation during postnatal maturation revealed that stellate cell-specific silencing was sufficient to block maturation of pyramidal cells in MEC-L2 (two-way ANOVA with Group and Segment as factors; Group: F 1,32 = 27.01, P < 0.001; Group × Segment: F 7,32 = 83.9, P < 0.0001; fig. S11A ). In a similar fashion, silencing stellate cells born at E12 prevented maturation of PV + interneurons (Group: F 1,32 = 15.92, P < 0.001; Group × Segment: F 7,32 = 64.20, P < 0.0001; fig.  S11A ). As expected from the global layer 2 interventions described earlier, the stellate cells themselves were not affected (Group: F 1,32 = 0.981, P = 0.78; Group × Segment: F 7,32 = 2.30, P = 0.30; fig. S11A ).
In contrast, pyramidal cell-specific inactivation did not affect the expression of DCX in the pyramidal cells themselves (Group: F 1,32 = 1.59, P = 0.32; Group × Segment: F 7,32 = 0.73, P = 0.51; fig. S12C ) or in stellate cells (two-way ANOVA, Group: F 1,32 = 1.72, P = 0.25; Group × Segment: F 7,32 = 0.98, P = 0.23; fig. S12C ) and did not affect PV expression in interneurons (two-way ANOVA, Group: F 1,32 = 2.12, P = 0.08; Group × Segment: F 7,32 = 1.04, P = 0.50; fig. S12C ). To test whether the ineffectiveness of pyramidal cell silencing was dependent on the timing of CNO delivery, we delivered CNO in adjacent time windows in a parallel set of experiments. No significant difference in DCX or PV expression could be detected between silenced and control animals when CNO was delivered in a time-unmatched fashion, with either stellate cell-specific silencing (Group: F 1,32 < 1.59, P > 0.70; Group and Segment as factors; pyramidal cells or interneurons versus their controls: F 7,32 < 1.654, P > 0.54; fig. S11 , B and C) or selective silencing of pyramidal cells (Group: F 1,32 < 2.13, P > 0.15; Group × Segment: F 7,32 < 2.124, P > 0.30; fig. S12, A and B) . Collectively, these experiments suggest that the activity in stellate but not pyramidal cells is necessary for the maturation of the local network in MEC-L2.
The localization of the instructive signal in MEC to stellate cells raises the question of whether activity from isochronic stellate cells might also be necessary for the sequential maturation across subdivisions of the transverse entorhinalhippocampal circuit. Silencing isochronic stellate cells was sufficient to prevent the maturationassociated down-regulation of DCX in every area of the network (all comparisons with Student's t test were significant, t > 7.44 and P < 0.01, with the exception of LEC-L2, t = 0.36 and P = 0.7, where most cells were in an immature state under the control condition too; Fig. 5C and fig. S13A ). Silencing stellate cells was also sufficient to decrease PV expression throughout the entorhinalhippocampal loop (all comparisons were significant, t > 6.23 and P < 0.01, with the exception of LEC-L5 and LEC-L2, t < 0.13 and P > 0.15; fig. S13B , left). Synaptogenesis was similarly retarded (all comparisons were significant, t > 4.71 and P < 0.01; fig. S13B, right) . In striking contrast, silencing isochronic pyramidal cells did not exert any effect on maturation of the transverse entorhinalhippocampal circuit (t < 1.03 and P > 0.34; Fig. 5D  and fig. S13, A and C) . We also silenced stellate cells at later time points, between P20 and P23, after the maturation of their postsynaptic partners is complete. This had no effect on DCX expression at any stage of the entorhinal-hippocampal network (t < 2.41 and P > 0.72; fig. S13D ), suggesting that the instructive role that stellate cells have on entorhinal-hippocampal circuit maturation is temporally limited. Together, the results identify stellate cells as the source of the activitydependent instructive signal that drives the sequential maturation of the entorhinal-hippocampal network.
Isochronic cohorts of neurons act synergistically
By exploiting our method to genetically label isochronic cohorts of neurons, we were able to show that silencing a small fraction of the MEC-L2 network is sufficient to interfere with maturation of the entorhinal-hippocampal circuit only if the silenced cohort predominantly consists of stellate cells (Fig. 5) . At first glance, this observation is at odds with the observation in one of the earlier experiments that maturation requires silencing of more than 20% of the MEC-L2 cell population ( fig. S6A ). One major difference between the two sets of experiments is that cells infected in utero were not randomly drawn from the network but were born on the same day. If isochronic cells act synergistically during development, then silencing a small but isochronic fraction of the network might be sufficient to efficiently affect network maturation. To test this idea, we silenced the isochronic cohort of MEC-L2 excitatory cells born on E12 and compared the result with the silencing of a comparable fraction of neurons whose labeling was independent of neurogenesis ( fig.  S14A ). The E12 isochronic cohort was primed for silencing in utero and then targeted with the Cre-dependent hM4D(Gi) receptor at P1 before delivery of CNO during postnatal development ( fig. S14A , "Isochronic cells"). To label a comparable fraction of neurons randomly, we injected a mix of AAVs targeting hM4D(Gi) to excitatory cells postnatally at P1 to avoid any bias to birth date ( fig. S14A , "Random cells"). The viruses were injected in proportions that allowed labeling of a sparse cohort of neurons, targeting a fraction of the L2 network ("Random cells -entire network") or a fraction of the stellate cells in MEC-L2 ("Random cells -stellate cells"), which was comparable to the isochronic cohort. Partial silencing of MEC-L2 was sufficient to affect DCX expression in pyramidal cells and PV expression in interneurons only if the targeted neurons were born on the same day, but not if they were drawn randomly with respect to their birth date (Group × Segment: F 7,32 > 5.86, P < 0.001; Group: F 1,32 > 83.90, P < 0.0001 for isochronic cells; Group × Segment: F 7,32 < 1.78, P > 0.09; Group: F 1,32 < 0.42, P > 0.87 for random cells; Fig. 6 ). The effect of silencing was specific to the earliest window of circuit maturation (w1 ; Fig. 6 ); no effect was observed when CNO was delivered at later time points (Group × Segment: F 7,32 < 0.38, P > 0.62; Group: F 1,32 < 3.22, P > 0.061; w2 and w3; fig. S14C ). In agreement with previous findings, stellate cells were not affected by silencing during any window of CNO delivery (Group: F 1,32 < 1.38, P > 0.211; Group × Segment: F 7,32 < 0.61, P > 0.8; Fig. 6 and fig. S14C ). Together, these results indicate that isochronic cohorts of neurons in MEC-L2 exert a synergistic effect on microcircuit maturation.
Discussion
We have shown that the entorhinal-hippocampal network matures in a stereotyped and directional sequence that, with the exception of the DG, recapitulates the intrinsic excitatory connectivity of the transverse hippocampal circuit. At every level of the circuit, maturation and synaptogenesis rely on an excitatory activity-dependent instructive signal that originates in stellate cells of the MEC and spreads directionally throughout the circuit over the course of the first month of postnatal life. Stellate cells, being the first to mature, initiate maturation of the network by providing excitatory drive to their synaptic targets. These, in turn, subsequently exert a driving effect on areas further downstream, resulting in successive, stagewise maturation of the transverse entorhinalhippocampal circuit. Maturation of stellate cells themselves is independent of local and incoming excitatory activity but correlates with birth date, pointing to cell-autonomous molecular, genetic, or epigenetic pathways, set up before birth, as potential sources of stellate cell-initiated maturation in the entorhinal-hippocampal circuit.
In line with the role that sensory-driven activity exerts in the primary sensory cortices, stellate cells might influence computation in the entorhinalhippocampal network by orchestrating the refinement of connectivity within MEC and hippocampus, as well as between these structures. By driving structural maturation of the interneuron network and of the back projections from the hippocampus, stellate cells might serve as a developmental teaching layer to ensure strong coupling among cells that exhibit correlated neural activity in stimulus space (32) . This may be crucial for the development of attractor network topologies thought to underlie the formation of grid patterns (10, (32) (33) (34) (35) (36) .
The progression of neurogenesis and maturation along the dorsoventral MEC axis may account for the topographic and modular organization of grid scale in grid cells along this axis. Moreover, because of the quantal nature of proliferation in neural progenitor cells (37) , neurogenesis may contribute to discretization of grid cells into modules (38) . The production of consecutive generations of "daughter cells" during neurogenesis may parcel stellate cells into cohorts that each are composed of neurons born on the same day (isochronic cells). Such waves of simultaneously born stellate cells may give rise to parallel networks with unique features, set up in ways that mirror the formation of parallel microcircuits of selectively interconnected neurons in the hippocampal trisynaptic loop (26, 39) . These subnetworks born at different times might correspond to the modules of grid cells, which have a similar anatomical distribution to the cohorts presented here (38) .
The nature of the instructive signal spreading through the network and driving local circuit maturation remains to be determined. Specific spatial or temporal patterns of depolarization in the network might be required to elicit postsynaptic responses leading to synaptogenesis and maturation. One candidate activity pattern is the orchestrated change of calcium concentrations across populations of neurons defined as "calcium waves," which has been implicated in the establishment of topography in sensory areas (40, 41) . In the entorhinal-hippocampal circuit, isochronic neurons may exhibit similarly synchronized activity. Such activity may pattern network maturation stage by stage across the circuit (42) . Isochronic neurons might exert a synergistic effect on maturation because of their tight temporal coupling during waves.
Our data show that stellate cells are at the top of the developmental hierarchy that instructs the linear sequence of maturation of the entorhinalhippocampal circuit. Peripheral sensory organs have long been studied as the source of instructive signals driving the early development of the forebrain. For example, the olfactory organ instructs the central nervous system to reach its mature states (43) (44) (45) , and, in a similar fashion, thalamocortical axons are involved in cortical regionalization and the refinement of dendritic arborization and connectivity in the visual, somatosensory, and auditory systems (46, 47) . Although activity from sensory organs provides a clear directionality to the maturation of cortical columns in sensory areas, we show here that, in the entorhinal-hippocampal circuit, it is the activity from stellate cells that drives the maturation of the entire circuit. Our data identify a network where such instructive excitatory activity does not originate from sensory neurons but is provided by a subpopulation of neurons that functions as an "autonomous" intrinsic driver in a neurogenesisdependent manner. The presence of a few of these intrinsic drivers in the brain during development might be particularly influential for the coordinated maturation of networks that are positioned at a great synaptic distance from sensory signals and extend across multiple areas in the associative cortices, thereby shaping network topologies supporting higher cognitive function.
Materials and methods
All experiments were performed in accordance with the Norwegian Animal Welfare Act and the European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes, Permit numbers 6021, 6008, and 7163. C57/Bl6 mice were housed in social groups of 2-6 individuals per cage under a 12h light/12h darkness schedule, in a temperatureand humidity-controlled vivarium. Food and water were provided ad libitum.
Viral injections
For all surgeries, on the day of the injection, anesthesia was induced by placing the subjects in a plexiglass chamber filled with isoflurane vapor (5% isoflurane in medical air, flow of 1 liters/ minute). Surgery was performed on a heated surgery table (38°C), air flow was kept at 1 liters/ minute with 1.5-3% isoflurane as determined from physiological monitoring of vital signs (breathing and heartbeat). Analgesics were provided immediately before the surgery (Rymadil, Pfizer, 5 mg/kg). After each procedure, subjects were allowed to recover in a heated chamber (33°C, 30-90 min) until they regained complete mobility and alertness.
Viral injections at P1
Newborn pups were subjected to viral injection 1 day after birth (P1). Pre-heated ultrasound gel (39°C, Aquasonic 100, Parker) was generously applied on the pup's head in order to create a large medium for the transmission of ultrasound waves.
Real-time ultrasound imaging (Vevo 1100 System, Fujifilm Visualsonics) allowed for targeted delivery of the viral mixture to specific areas. For imaging, the ultrasound probe (MS-550S) was lowered to be in close contact with the gel to allow visualization of the targeted structures, and was kept in place for the whole duration of the procedure via the VEVO injection mount (VEVO Imaging Station. Imaging in B-Mode, frequency: 40 MHz; power: 100%; gain: 29 Db; dynamic range: 60 Db). Target regions were identified by structural landmarks: the hippocampus was identified by the cytoarchitecture of CA3 and the appearance of the lateral ventricle (target area for injection was comparable to a coronal section at -1.46 mm from bregma in the adult animal (48)); the MEC and LEC were identified by the appearance of the aqueduct of Sylvius and the lateral sinus (target area for injection was comparable to a coronal section at -4.72 mm from bregma in the adult animal (48)).
A viral mixture (250 ± 50 nl per injection) was injected in the target regions via beveled glass micropipettes (Origio, custom made. Outer tip opening: 200 mm. Inner tip opening: 50 mm) with a pressure-pulse system (Visualsonics, 5 pulses, 50 nl per pulse). The anatomical specificity of the infection was verified by imaging serial sections of the infected hemispheres after experiment completion.
Virus injection in the embryo
Pregnant females were subjected to the viral injection on a specific day of gestation, from E10 to E17. To achieve precise monitoring of gestation, a mating trio (one male and two females) was allowed to interact for a limited period of time (24 hours), after which the male was removed from the cage to prevent further mating. E1 was defined as the day on which the male was removed (vaginal plug could be observed in most of the cases). A longitudinal incision was performed on the shaved skin and peritoneum of the isoflurane anaesthetized female to reach the uterine horns. The abdominal cavity was kept irrigated with warm saline solution (0.9% NaCl, 39°C) for the entire procedure. Single embryos were transferred one-by-one to a custom made, sterile surgical chamber to allow for viral injection. Pre-heated ultrasound gel (39°C, Aquasonic 100, Parker) was generously applied to the embryos. Real-time ultrasound imaging (parameters as above) allowed for targeted delivery of the viral mixture to the lateral ventricle of the developing brain. The viral solution (containing AAV1-CaMKIICre; 150-350 nl per injection) was applied as previously described (UPenn Vector Core, University of Pennsylvania, Perelman School of Medicine). After injection, the ultrasound gel was removed with sterile gauze and the embryo placed back into the abdominal cavity. This procedure was repeated for all the other embryos in the litter. After injection of the last embryo, two independent sets of stitches were applied to the peritoneum and abdominal skin. The total length of the procedure was limited to less than 90 min to avoid unnecessary stress to the mother and the embryos. 80% of the injected embryos survived injection and delivery, and could be utilized for further studies.
Pharmacogenetic silencing
On P11 or P14, a longitudinal incision was performed on the shaved skin of the isoflurane anaesthetized pup's back in order to allow for the insertion of a minipump subcutaneously. Warm saline solution (0.9% NaCl, 39°C) was injected subcutaneously in the area of the incision at multiple times during the minipump implant. The osmotic minipump (Alzet, 1007D: flow of 0.5 ml per hour for up to 7 days) filled with 100 ml of CNO solution (1 mg/ml in saline solution, Sigma) was then placed through the incision to rest comfortably on the mouse's back. No impairment of normal behavior as a result of discomfort from the implant could be observed in the days following the procedure. CNO delivery was protracted over the course of several days during maturation, with a steady flow of 0.5 ml per hour according to the manufacturer's specification (Alzet). In a subset of P14-implanted animals (14 subjects), the minipump was surgically removed at P20 through a second incision. Seven subjects were perfused after 3 days of recovery (P23), while another 7 were perfused after 6 days of recovery (P26) and processed for further analysis.
